Retinoic acid (RA) is a critical signaling molecule that regulates gene transcription and the cell cycle. Understanding of RA signaling has increased dramatically over the past decades, but the connection between whole body RA homeostasis and gene regulation in individual cells is still unclear. It has been proposed that cytochrome P450 family 26 (CYP26) enzymes have a role in determining the cellular exposure to RA by inactivating RA in cells that do not need RA. The CYP26 enzymes have been shown to metabolize RA efficiently and they are also inducible by RA in selected systems. However, their expression patterns in different cell types and a mechanistic understanding of their function is still lacking. Based on preliminary kinetic data and protein expression levels, one may predict that if CYP26A1 is expressed in the liver at even very low levels, it will be the major RA hydroxylase in this tissue. As such, it is an attractive pharmacological target for drug development when one aims to increase circulating or cellular RA concentrations. To further the understanding of how CYP26 enzymes contribute to the regulation of RA homeostasis, structural information of the CYP26's, commercially available recombinant enzymes and good specific and sensitive antibodies are needed.
Introduction
Retinoic acid (RA, Figure 1 ) is the biologically active metabolite of vitamin A (retinol). Naturally occurring derivatives or synthetic compounds that have structures or activities similar to vitamin A are referred to as retinoids [1] . RA can chemically exist as several different geometric isomers including: all-trans RA (at-RA), 9-cis-RA, 11-cis-RA, 13-cis-RA, and 9,13-dicis-RA [2] [3] [4] [5] .
There is general consensus that the main source of RA in humans, excluding therapeutic dosing, is via synthesis from dietary precursors such as β-carotene and retinyl palmitate [2, 6] but some RA can also be obtained from the diet, primarily from ingestion of liver. Vitamin A is stored primarily in liver stellate cells as retinyl esters, which are hydrolyzed in hepatocytes by retinyl ester hydrolases (REH) to retinol [7] . Retinol, the precursor of RA, is the main circulating retinoid and typically circulates at concentrations of 1-3 μM [8, 9] . The circulating concentrations of both endogenous at-RA and 13-cis-RA in human volunteers were 3-13 nM [4, 10] . In mice, serum concentrations of at-RA and 13-cis-RA were 1-3 nM [3, 11] . Tissue concentrations for RA isomers were greater, and ranged from 7-40 nM for at-RA and 1-6 nM for 13-cis-RA. 9,13-dicis-RA concentrations in tissues ranged from The precise mechanism of how RA regulates biological processes is not yet fully understood. It has been shown that RA acts as a signaling molecule and regulates gene expression by binding to the nuclear retinoic acid receptors (RARα, RARβ, and RARγ) [24] , which then bind DNA as a heterodimer with the retinoid X receptors (RXRα, RXRβ, and RXRγ). At-RA also activates peroxisome proliferator-activated receptors (PPARβ/δ) [25, 26] . It is believed that at-RA binds to RAR and 9-cis RA binds to either RAR or RXR [15, 25] , but the biological role of 9-cis RA in humans is controversial as 9-cis RA has not been detected in human plasma or tissues but has been detected in locust embryos [27] .
Based on the biological effects of deficiency and excess exposure of RA, there is a clear need to regulate the concentrations of RA at both the cellular and total body levels. How cellular, organ and total body exposure to RA is regulated is not fully understood. It is generally believed that retinol, circulating in plasma, is actively taken up into cells and oxidized to RA. Once RA is formed, two general models, one paracrine and one autocrine, describing RA action and metabolism have been proposed. In the paracrine model, RA is generated in one cell and then is taken up by either a target tissue where it binds to its receptor, causing pharmacological action, or a non-target tissue where RA is metabolized [28] . In the autocrine model, RA is synthesized, binds to its receptor and is metabolized in the same cell [29] . Based on existing evidence it is likely that both models apply under specific circumstances during fetal development or adult life. A better understanding of the applicability of these models is critical to our understanding of how the expression and activity of CYP26 enzymes contribute to overall RA signaling.
In the cellular environment, RA is believed to be bound to cellular retinoic acid binding proteins (CRABPs). The roles that the CRABPs play in regulating RA actions and in-vivo metabolism are, however, unclear. CRABPII has been shown to have a role in delivering RA from the cytosol to RAR in the nucleus [30] and CRABPI may have a role in facilitating RA metabolism although the details are not yet fully understood [31, 32] . Either CRABPI or CRABPII could potentially contribute to sequestering of RA in cells and to directing RA's pharmacological effects.
The models of RA homeostasis and action proposed raise many questions: Does metabolism occur in the tissue where RA exerts its effects, or in non-target tissues? Is the liver a target tissue or a metabolic tissue, or both? And, which P450s are responsible for the metabolism of RA, especially if metabolism occurs outside of the liver? Better understanding of the processes that control RA clearance is important, as selective metabolism of RA in specific cells or tissues could function as a mechanism to control the biological activity of RA. This review focuses on the current knowledge of CYP26 enzymes and their role in elimination of RA.
CYP26 family of enzymes

Biochemistry of CYP26 enzymes
The CYP26 family of enzymes was discovered in studies screening for proteins that contribute to RA dependant regeneration of damaged zebrafish fins [33, 34] . Although the sequence of the cloned cDNA from the zebrafish fins was less than 30% homologous with other P450 enzymes, the sequence contained a heme binding domain establishing the clone, P450RAI, as a CYP enzyme [34] . This CYP was believed to be a RA hydroxylase as it was inducible by RA and metabolized RA. P450RAI was later assigned as CYP26A1. After its initial discovery in zebrafish, the CYP26A1 gene was cloned and characterized in humans [35, 36] , as well as other species, including mouse [37] , rat [38] , chicken [39] , and cow [40] . Two other members of the family, CYP26B1 and CYP26C1 were later identified in humans [41, 42] and other species [43] [44] [45] [46] . A fourth member of the CYP26 family has been published in the literature, CYP26D1 [47, 48] , however, it has only been identified in zebrafish and it appears identical with zebrafish CYP26C1 [43] . From our analysis of the available amino acid sequences, zebrafish CYP26C1 and CYP26D1 have 99% sequence identity and are therefore the same enzyme. Figure 2A and B show an analysis of inter-CYP26 identity between CYP26A1, CYP26B1, and CYP26C1 and the interspecies identity between human, mouse, and zebrafish based on previously published alignments of the amino acid sequences [36, 41, 42, [44] [45] [46] . Of the three enzymes, CYP26B1 appears to be the most highly conserved between human, mouse, and zebrafish. The human to mouse sequence identity is >80% for each of the three isomers (CYP26A1, CYP26B1 and CYP26C1). As shown in Figure 2A the sequence identity between species for CYP26A1, CYP26B1 and CYP26C1 is less than 98% and hence, these enzymes are technically not the same in each species. For example, the common drug metabolizing CYPs are assigned as different isoforms if sequence identity is <98% [49] . In contrast to the drug metabolizing CYPs, which typically have variable numbers of isoforms in each subfamily in different species, each species studied has only three CYP26 enzymes. Hence, it appears plausible to assign these as orthologs with the same names, despite the distinct sequence differences and the fact that the sequence identity does not meet the 80% threshold for orthologs assigned by the P450 naming guidelines [49] .
Within species, CYP26B1 and CYP26C1 have higher sequence homology with each other than they do with CYP26A1 ( Figure 2B ). In humans, CYP26A1 and CYP26C1 are located in chromosome 10 and CYP26B1 in chromosome 2 [15] . Based on their chromosomal location, it has been proposed that CYP26C1 is a result of gene duplication of CYP26A1 [50] . Figure  2C depicts a phylogenetic tree of the CYP26 genes in human, mouse, and zebrafish, similar to those previously published [43, 46, 48] . The phylogenetic tree demonstrates a divergence of CYP26A1 from CYP26B1 and CYP26C1, and also a divergence of zebrafish enzymes from mouse and human. A more detailed analysis of chromosomal locations and sequence alignments would be necessary to fully propose an evolutionary path of CYP26A1, CYP26B1, and CYP26C1.
We are unaware of X-ray crystal structures of any of the CYP26 enzymes. In the absence of crystal structures for CYP26, the existing crystal structures of CYP2C8, CYP2C9 and CYP3A4 were used to construct a homology model for CYP26A1 [51] . The amino acid environment of the resulting model was further tested and ligands of CYP26A1, such as at-RA and the inhibitor (S)-R115866 were docked in the homology model allowing for further optimization of the structure of the active site. Homology models for the other CYP26 enzymes have not been published.
Biology of CYP26 in vivo expression and function
Studies using knock-out animals have shown that both CYP26A1 and CYP26B1 are essential proteins. Cyp26a1−/−, Cyp26b1−/−, and Cyp26c1−/− mice have all been produced using homologous recombination [50, [52] [53] [54] . Cyp26a1−/− and Cyp26b1−/− were lethal, whereas Cyp26c1−/− mice were viable and did not show any alterations in embryonic development or phenotype at birth [50] . Cyp26a1 and Cyp26c1 appear to have some functional redundancy as double knock-out of Cyp26c1 and Cyp26a1 had a more severe phenotype than Cyp26a1 −/−single knock-outs.
While both Cyp26a1−/− and Cyp26b1−/− mice died, there were distinct differences between the phenotype of the knock-outs suggesting these two enzymes are not functionally redundant. Cyp26a1−/− mice died during mid-gestation [52] , whereas Cyp26b1−/− mice died shortly after birth, which was attributed to respiratory failure [54] . Embryos of both knock-outs had limb and facial deformities. Cyp26a1−/− mice had abnormalities similar to those observed in teratogenesis caused by RA excess [52] . Many of the Cyp26a1−/− mice had truncated or otherwise deformed tails, abnormalities of the cervical vertebrae, or spina bifida. Additionally, some Cyp26a1−/−fetuses had malpositioned hindlimbs or showed exencephaly. Interestingly, the lethal and phenotypic malformations observed in Cyp26a1−/ − mice could be rescued by heterozygous disruption of Aldh1a2 [53] . Cyp26b1−/− mice showed greater defects in limb bud rather than tail bud development as was observed in Cyp26a1−/− mice. As a result, Cyp26b1−/− mice showed severe malformations of the forelimbs and hindlimbs [54] .
Based on the knock-out data, it has been of interest why Cyp26a1−/− and Cyp26b1−/− are lethal and what role these enzymes play during development. The differences in the deformities observed in Cyp26a1−/− and Cyp26b1−/− mice can possibly be explained by differences in CYP26A1 and CYP26B1 expression during development. Using in-situ hybridization, CYP26 mRNA has been identified in murine embryos in a developmental stage and tissue specific manner [37, 44, 52, [54] [55] [56] . CYP26A1 gene expression has been detected in murine embryos as early as 6 days post-coitum (d.p.c.) [37] with the posterioranterior gradient changing dramatically in a short period between 7.25 and 8.5 d.p.c. [37, 44, 56] . This expression pattern of CYP26A1 has been shown to create an uneven distribution of RA concentrations in the embryo, which then directs the development and patterning of the hindbrain, vertebrae, and tail bud [56] . During 8 d.p.c., CYP26A1 is expressed specifically in rhombomere 2 and the tail bud [52] , whereas CYP26C1 is expressed in rhombomeres 2 and 4 [45] . Between 9.5 and 10.5 d.p.c. CYP26A1 is expressed mainly in the hindgut, neural crest, the neural plate and tail bud [37] and CYP26C1 is expressed in the branchial arch and remains in rhombomere 2 but not in rhombomere 4 [45] . In contrast to CYP26A1 and CYP26C1, CYP26B1 is first detected at embryonic 8 d.p.c. and is detectable in rhombomeres 3 and 5 [44] . By 9.5 d.p.c. CYP26B1 is detected in rhombomeres 5 and 6. Between 9.5-11.5 d.p.c., CYP26B1 is expressed in the developing limb buds [44, 54] . During 12-18.5 d.p.c. CYP26A1 mRNA was present in rib and vertebral cartilage, neural retina, oral epithelium, limbs, and the stomach [55] . In comparison, CYP26B1 mRNA was more highly expressed in the craniofacial region, hindbrain, forebrain, spinal cord, lung, kidney, spleen, thymus, testis, and skin [55] .
In contrast to expression in mice, CYP26B1 mRNA was relatively low and CYP26A1 mRNA was highest in the human fetal brain, compared to other tissues [57] . The highest expression of CYP26B1 in the human fetus was in the kidney and muscle. CYP26C1 was not detected in human fetal liver or brain tissue [57] . The fact that the developmental stage of the fetuses was not reported could possibly explain discrepancies between the expression data in humans and mice due to the dramatic changes in CYP26 expression with gestational age. For example, in a study of CYP26 (isoform not specified) mRNA expression in human prenatal cephalic tissues, there was a gradual 11-fold increase in CYP26 mRNA between days 51 and 110 of gestation [58] .
In the adult human, CYP26A1 mRNA expression was highest in the liver and CYP26C1 was present in the brain and liver [57] . CYP26B1 mRNA was not detected at all in adult human liver and was instead most abundantly expressed in the placenta, ovary, testes, and intestine [57] . Overall, CYP26B1 expression was more ubiquitous in expression than CYP26A1 or CYP26C1 in human tissues screened. The expression pattern is in agreement with earlier work that reported most tissues having detectable levels of CYP26B1 mRNA, with highest levels detected in the brain, specifically the pons and cerebellum, whereas CYP26A1 showed low levels of expression in most tissues and was absent from the brain [42] . It should be noted that due to the lack of proven specific antibodies against CYP26A1, CYP26B1 or CYP26C1, presence and expression levels of the CYP26 proteins have not been demonstrated and the published localization of the enzymes is based on mRNA data from single individuals.
The differences in the expression of CYP26 isoforms is likely the result of different regulation of the three enzymes. It has been documented that there is up-regulation of RA metabolism when cells or animals are treated with RA [33, 34, 36, 42, 59, 60] . This is likely due to RA's auto-induction of its own metabolism. In early studies, CYP26 induction was observed in RA treated mouse liver, but not mouse brain [35] . Using Northern blot and RT-PCR techniques, CYP26A1 mRNA in rat liver samples was shown to have a positive correlation with RA and dietary vitamin A status [60] . A correlation between the age of the rat and CYP26A1 mRNA was also observed. It is generally believed that RAR is responsible for the induction of CYP26 [61, 62] , but in some cell lines RA has no effect on CYP26 mRNA expression [34, 36, 42] , suggesting a more complex regulatory mechanism.
Metabolism of RA
At-RA is metabolized by several different enzymes to form multiple products such as ketones, epoxides, and hydroxylated products [1, 63] . The most common metabolite mentioned in the literature is 4-OH-RA, which can then be further oxidized to 4-oxo-RA and diOH-RA. Other identified metabolites include 18-OH-RA, 3-OH-RA and 5,6-epoxy-RA. There are reports that some RA metabolites, for example, 4-oxo-RA and 5,6-epoxy-RA have biological activity [64] [65] [66] [67] , but the general consensus is that RA, not the metabolites, regulate development [53] . While the hydroxylated and subsequently oxidized metabolites are primarily formed through cytochrome P450 catalyzed mechanisms, the 5,6 epoxide appears to be generated through peroxyl radical-dependent mechanisms [68] . RA, its isomers, and its metabolites can also undergo phase II metabolism by UGT2B7 to form RAglucuronides. While at-RA, 5,6-epoxy-RA, and 4-oxo-RA are exclusively carboxyl-linked to the glucuronide, 4-OH-RA can be glucuronidated at either the carboxyl or the hydroxyl function [68] .
RA metabolism by P450s
Several other P450s, such as CYP3A4, CYP3A5, CYP3A7, CYP2C8, CYP2C9, CYP2C18 and CYP4A11, have all been shown to metabolize at-RA to 4-OH-RA [69] [70] [71] [72] . The 4-OH-RA metabolite appeared to be the primary metabolite formed by these CYPs with either lymphoblastoid cells overexpressing P450s or in cDNA-derived CYPs expressed in baculovirus-infected insect cells (supersomes ™ ). CYP2C19 was reported to metabolize at-RA to 4-OH-RA in only one of the three papers which evaluated this enzyme [72] . CYP2D6, CYP2E1, CYP1A1, CYP2B6, and CYP2A6 did not metabolize at-RA in any of the studies [70] [71] [72] . Subsequent metabolism of 4-OH-RA to 4-oxo-RA was observed in at least one, but not all studies when RA was incubated with CYP3A4, CYP3A7, CYP2C8, CYP2C9, CYP1A1, and CYP4A11. The 18-OH-RA metabolite was only reported in one of the screening panels [70] and was described to be formed by CYP3A5, CYP3A7, CYP2C8, CYP2C9, CYP2C18, CYP1A1, and CYP4A11. In the same study, the 5,6-epoxy-RA metabolite was reported to be formed by the same enzymes that formed 4-OH-RA, however based on other publications, this oxidation could be non-P450 mediated.
Of the P450 enzymes routinely tested, CYP2C8 was most efficient in metabolizing at-RA to 4-OH-RA [70] [71] [72] . The obtained kinetic parameters for CYP2C8 in the three reported studies are shown in Table 1 . V max , K m , and Cl int values ranged twelve-, thirty-six-, and fifty-eight-fold, respectively, between studies, but when efficiency of different isoforms was compared, CYP2C8 was consistently most efficient. CYP3A4 and CYP2C9 were the next most efficient enzymes at metabolizing at-RA (Cl int 2.5-20 μL/min/nmolP450). The large inter-study variability observed for CYP2C8 was observed with CYP3A4 and CYP2C9, as well.
The amount of protein used, length of incubation, concentration of at-RA, and cell system used could all account for the differences in kinetics observed between studies. For example, it is reported that at-RA is highly protein bound [73] and therefore if excess protein is used during incubations, extensive non-specific binding could lead to a depletion of free at-RA in solution, artificially increasing the K m value. Additionally, human lymphoblastoid cells may express other native P450s or other catalytic enzymes that contribute to at-RA metabolism.
In addition to forming oxidized products, at-RA can isomerize to form 13-cis-RA, 9-cis-RA, and 9,13-dicis-RA [3, 74] . This isomerization is classically induced by white light, but can also be conducted by glutathione-S-transferase. In lymphoblast microsomes expressing single CYP enzymes, CYP3A7, CYP2C8, CYP4A11, and others metabolized 13-cis-RA to 4-OH-13-cis-RA, whereas CYP2C9, CYP2C8, and CYP3A7 were shown to metabolize 9-cis-RA to 4-OH-9-cis-RA [75] . Metabolites of 9-cis-RA and 13-cis-RA have also been detected in plasma after administration of corresponding isomers [8] .
Catalytic activity of CYP26
All CYP26 enzymes have been shown to metabolize RA, despite having different mRNA expression patterns and regulation mechanisms [34, 36, 41, 42, 47] . Based on the phenotype of knockout animals, inducibility by RA, and apparent efficacy in metabolizing RA, CYP26 enzymes are all believed to be responsible for clearing RA from various tissues and the body as a whole. Based on the earlier studies, RA is the primary retinoid metabolized by CYP26A1 and CYP26B1, however at μM concentrations, 9-cis-RA, 13-cis-RA, retinal, and retinol do also appear to be ligands of CYP26s [42] . Interestingly, 9-cis-RA is a much better substrate for CYP26C1 than for CYP26A1 or CYP26B1 [41] .
Similar to what has been observed for other P450 enzymes, 4-OH-RA is the primary metabolite of RA formed by CYP26A1 and CYP26B1. The formation of the 4-oxo-RA and 18-OH-RA, as well as a series of more polar, presumably secondary metabolites was observed [42] . Based on HPLC retention times, CYP26A1 and CYP26B1 expressed in COS-1 cells formed 4-OH-RA, 18-OH-RA and 4-oxo-RA when incubated with RA. The identity of the metabolites formed by CYP26A1 have been confirmed by LC-MS-MS [63] . Mass spectra of 4-OH-RA, 4-oxo-RA and 18-OH-RA, in addition to other oxidized products, were obtained from extracts of CYP26A1 transfected mammalian cell lines incubated with RA. Additional oxidized products were detected and proposed to contain multiple hydroxylations and/or oxo-products. Whether these products are formed sequentially from 4-OH-RA and other oxidized metabolites by CYP26, or by other metabolic enzymes in the cell lines, is currently unknown. LC-MS data from incubations performed with CYP26C1 transfected cells have shown that RA is metabolized by CYP26C1 to products similar to those seen in CYP26A1 and CYP26B1 transfected cells [41] . Early work in transiently transfected cells showed that all CYP26 isoforms metabolize at-RA to several oxidized products. Many of the studies performed to identify at-RA metabolites and determine preliminary kinetics have been done in COS, HEK, or other mammalian cell systems that either over-express or transiently express CYP26. While these immortalized cell lines are readily available and easy to culture and transfect, only limited data can be obtained due to variable expression levels and the presence of other native proteins. Although expression of CYP26 in immortalized mammalian cell lines can give a qualitative analysis of the role of CYP26 in RA depletion, these systems do not allow for detailed metabolite identification or kinetic characterization. The low expression levels make it difficult to prepare microsomal fractions or purify the protein in sufficient quantities. Expression at quantities sufficient for isolation of the P450 of interest is necessary to perform detailed biochemical studies of CYP26 function and activity. Furthermore, to compare the relative contribution of CYP26 isoforms to other P450s, the CYP26s need to be expressed in a system that allows quantification of the P450 concentration.
Attempts to express CYP26A1 in E. coli have been unsuccessful [76] . Recently, CYP26A1 was expressed in baculovirus-infected insect cells and purified. The kinetics of at-RA turnover was characterized [77] . Using this recombinant system, at-RA was confirmed to be a tight binding ligand of CYP26A1 resulting in a typical type I binding spectrum upon binding to CYP26A1. The depletion K m of at-RA was 9.4 nM and the V max 11.3 pmoles/ min/pmole P450. As expected for a microsomal P450 enzyme, catalysis by CYP26A1 was oxidoreductase dependant. However, cytochrome b5 had no effect on CYP26A1 activity. A key point of metabolism of at-RA by CYP26A1 is that at-RA displays higher binding affinity to CYP26A1 in comparison to other P450s, and the intrinsic clearance (1.2 mL/min/ pmol P450) for RA depletion by CYP26A1 is more than 800-fold higher than previously reported for the other P450s. Similar kinetic and biochemical characterization of CYP26B1 and CYP26C1 is yet to be conducted.
Relative importance of CYP26 in RA clearance
Since the discovery of CYP26 enzymes, it has been widely accepted that clearance of endogenous (non-therapeutic) RA is mediated primarily by CYP26 enzymes. This claim has not, however, been supported by detailed kinetic analysis or protein expression data in various tissues. A classic experiment using specific inhibitors of CYP enzymes to identify the contribution of various P450s involved provided equivocal results [71, 72] . Quinidine, a CYP2D6 inhibitor, showed some of the highest % inhibition compared to control activity, but CYP2D6 has been shown not to metabolize RA. Conversely, sulfaphenazole, an inhibitor of CYP2C9, showed little to no inhibition of RA metabolism in the two studies although CYP2C9 does metabolize RA.
In the absence of CYP26 specific inhibitors and evidence of specificity of known P450 inhibitors, we predicted the relative contribution of the individual liver P450 enzymes shown to metabolize RA using published Cl int (V max /K m ) values [70] [71] [72] and amounts of various P450s present in human liver [78] . Figure 3 shows the predicted contributions of CYP26A1, CYP2C8, CYP2C9 and CYP3A4 to RA clearance at physiological concentrations of RA. In the absence of data on CYP26A1 expression in the human liver we used either an expression level of 5 pmol/mg of liver of CYP26A1 or no expression of CYP26A1 in our predictions. This expression level is extrapolated from the expression of other P450 enzymes in the liver (10-130 pmol/mg liver). It is likely that CYP26A1 expression in the human liver will be highly variable as CYP26A1 in rat liver appears to be regulated by RA exposure. A characterization of CYP26A1 protein expression in the human liver, as well as interindividual variability, is necessary to obtain a more accurate prediction of CYP26 contribution to RA clearance. From our predictions it is, however, evident that if expressed to a detectable level in the liver, CYP26A1 will be the major P450 enzyme contributing to RA clearance in humans. In the absence of CYP26A1 expression, CYP2C8 and possibly CYP3A4 will be the major RA hydroxylases in human liver.
Therapeutic applications of at-RA and 13-cis-RA
While RA is synthesized in the body from dietary precursors, it may also be administered therapeutically. Both at-RA or tretinoin (Vesanoid®) and 13-cis-RA or isotretinoin (Accutane®) are administered clinically. Tretinoin is approved to induce cytodifferentiation and decrease proliferation of acute promyelocytic leukemia [79] whereas isotretinoin is approved for the treatment of severe nodular acne that has been unresponsive to other forms of treatment [80] . These and other retinoids, primarily RAR ligands, are currently being evaluated for additional therapeutic applications and a thorough review on this topic is available [81] . Both at-RA and 13-cis-RA are believed to circulate, highly bound to albumin (tretinoin >95%, isotretinoin 99%). A summary of their pharmacokinetic parameters is presented in Table 2 [73, 82, 83] . The terminal half life of tretinoin (0.5 -2 hours) is much shorter than that of isotretinoin (21 hours) and is most likely due to its higher clearance. As the concentrations of tretinoin and isotretinoin detected in the plasma of patients receiving therapy are reported to be in the low or sub μM range, the CYP26 enzymes are likely to be saturated at these concentrations and we predict the role of other P450s to be more significant during therapy than at lower concentrations of RA.
Auto-induction of RA clearance during RA therapy is a significant clinical challenge in cancer patients, and likely to involve induction of CYP26A1 mediated clearance. It is generally believed that the decreased peak plasma concentrations and AUCs observed after repeated dosing of RA are due to induction of metabolic enzymes [84, 85] . To overcome this metabolic resistance, instead of administering more RA, P450 inhibitors have been coadministered with RA to decrease its clearance [86] . In two female acute promyelotic leukemia patients, treatment with fluconazole caused a two to four-fold increase in at-RA AUC [87] . In a second case study, at-RA toxicity was observed after co-administration with fluconazole requiring 70% dose reduction of at-RA [88] . Similarly, the AUC of at-RA was increased approximately two-fold higher after ketoconazole administration [89] . At present, the identity of the specific P450 inhibited is not known. The fact that RA metabolism could be inhibited in-vivo, has lead to the development of specific structural analogues of RA modified with functional groups designed to inhibit P450 metabolism. These compounds are referred to as RA metabolism blocking agents (RAMBAs) [90] [91] [92] . While they represent a wide class of structures, they all have a common purpose: to inhibit the metabolism of RA so that effective RA concentrations are maintained even after auto-induction of RA metabolism. IC 50 s for the RAMBAs towards various RA metabolizing systems range from low nM to μM.
The most studied RAMBA is liarozole, which has been shown to inhibit at-RA hydroxylation in-vitro and to cause a two-fold increase in at-RA AUC in-vivo [93] . However, use of liarozole in humans is associated with side effects and significant efforts are made to obtain more specific RAMBA's (For review see [91] ). Several groups have reported the development of compounds that are potent, nanomolar, inhibitors of at-RA hydroxylation in-vitro [91, [94] [95] [96] [97] [98] . Some of the reported compounds, such as R116010, R115866 (rambazole) and some 2,6-disubstituted naphtalenes were demonstrated to have some degree of selectivity towards at-RA metabolizing enzymes although the data were from rat tissues or transfected cell lines [94, 95, 98] .
Ideally, RAMBAs should inhibit selectively the CYP26 enzymes. However, the promiscuity of P450 enzymes and the efficiency of CYP3A and CYP2C8 to clear at-RA complicates the design of new selective compounds, as multiple P450's are likely to contribute to at-RA clearance when at-RA is administered at therapeutic concentrations. CYP3A4 is most likely the enzyme that is responsible for the increased clearance and decreased circulating at-RA concentrations in adults undergoing chronic treatment with the enzyme inducing antiepileptic drugs phenytoin and carbamazepine [99] . In infants and children treated with phenytoin, phenobarbital, carbamazepine and ethosuximide, the plasma concentrations of at-RA were more than 70% lower than in untreated children, suggesting that these drugs significantly induce at-RA metabolism [100] .
Conclusions
Over the last ten years, significant progress has been made in identifying CYP26 genes in various species, and improving the understanding of the function these enzymes play during development. An overall knowledge of the biochemistry of these enzymes has also been obtained. Current data allows approximate predictions of the relative contributions of various P450 enzymes in comparison to CYP26A1 in RA clearance, although significant variability between studies does exist. It is apparent that when CYP26A1 is expressed in the human liver it will be the major contributor to endogenous RA clearance. However, at present it is not known at what levels CYP26A1 protein is expressed in the liver and how much inter-and intra-individual variability there is in the population. During therapeutic administration, the contribution of CYP26A1 in clearing RA isomers has not been quantitatively assessed. Finally, the lack of structural information and commercially available recombinant enzyme hinder the development of novel therapeutic approaches that would take advantage of the increasing understanding of CYP26 biology.
Expert opinion
The greatest gaps in the understanding of the function of the CYP26 enzymes are perhaps in determining their expression and activity after birth and during adult life. The processes that regulate the tissue and spatio-temporal expression of the CYP26 enzymes in adults are very poorly characterized as well as the function of these enzymes during adult life. Despite the fact that increasing information related to alternative mechanisms of CYP26 regulation has become available, the most unequivocal data on regulation of CYP26 expression remains to be the induction of CYP26A1 and to lesser extent CYP26B1 by RA in some tissue types. Why RA does not affect the expression of these enzymes in all cell types is yet to be explained. It is important to note that all currently available expression data refers to mRNA levels, which do not necessarily correlate with protein expression levels of activity. In addition, a significant caveat of the mRNA expression data in humans is that it usually refers to a single donor. As the regulation of these enzymes is expected to be dynamic, these single donor expression levels may be very misleading. It is clear that more thorough studies that determine the expression of CYP26 protein in various adult tissues are needed to further the understanding of overall RA homeostasis. While difficult to conduct, studies which test whether CYP26 enzymes function in cells to prevent RA action or to deplete RA after release from nuclear RAR are needed.
Another important unknown for these enzymes is their subcellular localization. P450 enzymes exist in both mitochondria and endoplasmic reticulum (ER). For CYP26A1, indirect evidence using reconstituted systems with ER P450 reductase has provided support for the notion that this enzyme is an ER P450. However, no such data exists for CYP26B1 and CYP26C1. As microsomal incubations from human liver, by definition, have only the ER membrane fraction, results from such incubations will fail to recognize CYP26 contribution if it is localized in the mitochondria.
The progress of research in the area of CYP26 biochemistry is greatly hindered by two factors. First, all but one (4-oxo-RA) of the metabolites identified as products of RA oxidation by CYP26 are not commercially available for researchers and second, these enzymes have proven to be very difficult to express and purify from heterologous systems. These difficulties have prevented detailed enzyme kinetic and pharmacokinetic analyses as well as validation of potential antibodies. The facts that RA isomerizes under white light and chemical synthesis of the proposed metabolites are not well established, make this area exceptionally difficult to study in detail. Additional complications include the very low concentrations of RA that exist in-vivo, the tight binding of RA to CYP26 enzymes and the fact that RA does not ionize well in common LC-MS instruments.
Finally, very little attention has been paid to genetic polymorphisms occurring in the CYP26 enzymes. One study screened ninety-two racially diverse subjects and discovered thirteen single nucleotide polymorphisms (SNPs) in CYP26A1. Two of these SNPs demonstrated significantly reduced (43-89%) metabolism, but due to the lack of above described tools, the exact reason for this reduced activity could not be determined [76] . It is expected that SNPs that alter either the regulation or function of the CYP26 enzymes would impact individual's health and response to environmental stressors and potentially place the individual at risk for developmental defects, cancer or lowered immunity. It is expected that future studies of genetic polymorphisms in the CYP26 genes will greatly advance our understanding of geneenvironment interactions relating to RA homeostasis.
The big question that remains to be answered is why are three different isoforms of CYP26 needed in all species if the three isoforms are functionally identical. Although the evolution of the individual isoforms in not fully characterized, it is unusual for P450 enzymes responsible for metabolizing endogenous compounds to have multiple isoforms within a species. One hypothesis to explain this is that the various CYP26 isoforms have different, yet unknown functions, in addition to clearing RA. For example, they may produce different metabolites that have different biological activity. To test this hypothesis, a detailed biochemical characterization of the three isoforms needs to be conducted including analysis of different substrates. Such information will in turn aid in future design of therapeutic strategies and in understanding biological outcomes of xenobiotic-CYP26 interactions. Structure of all-trans retinoic acid with carbon positions labeled. Prediction of the relative contribution of CYP26A1, CYP2C8, CYP2C9, and CYP3A4 to liver clearance of at-RA using published Cl int values and published expression levels of CYP2C8, CYP2C9 and CYP3A4. CYP26A1 concentration was set at 5 pmoles/mg liver (A) or 0 pmoles/mg liver (B-D) and 24 pmoles CYP2C8, 111 pmoles CYP3A4, and 73 pmoles of CYP2C9 per mg of liver was assumed in all predictions [78] . Intrinsic clearance values for RA metabolism by CYP3A4, CYP2C8 and CYP2C9 were obtained from [71] (A-B), [70] (C), and [72] (D). The different relative % contributions of CYP2C8, CYP3A4 and CYP2C9 are due to variable enzyme kinetic data for these proteins between publications. Table 1 Kinetic parameters for formation of 4-OH-RA from all trans-RA by CYP2C8 in various in vitro systems. Cl Expert Opin Drug Metab Toxicol. Author manuscript; available in PMC 2010 August 1.
